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Abstract 
The purpose of our work was to evaluate separately the absorption and regeneration performances of different types 
of amine(s) based solvents (primary, secondary and tertiary alkanolamines, sterically hindered amines, non-cyclical 
tetramine and cyclical absorption activators) by carrying out screening tests using small scale apparatus: a gas-liquid 
contactor for absorption, namely a double-stirred cell, and a regeneration cell. Absorption and regeneration 
performances of the solvents were compared thanks to calculated absorption and regeneration efficiencies. 
Concerning the absorption results, the positive effect of an activator, and especially the cyclical di-amine piperazine 
(PZ), on the absorption performances of the different simple amine solutions was clearly highlighted. The activation 
of the secondary amine MMEA by PZ gives also higher absorption efficiencies. 
Regarding the regeneration tests, the better regeneration performances of tertiary and sterically hindered amines 
(MDEA and AMP) were confirmed. For the amines blends, higher regeneration performances were observed with PZ 
activated solutions than with PIP activated solutions. 
These absorption and regeneration results will be taken into account in the solvent selection for future combined 
absorption-regeneration tests. 
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1. Introduction 
In the context of reducing the carbon dioxide emissions from different industries such as power plants 
or cement plants, the implementation of Carbon Capture and Storage (CCS) appears to be one technically 
feasible solution at an industrial scale. This work concerns the capture phase, and more specifically the 
postcombustion technique using the CO2 absorption into amine solvents. 
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Among the different criteria that must be taken into account in the choice of a solvent (absorption 
performances and energy consumption for the solvent regeneration, solvent resistance against degradation 
which can induce corrosion problems and higher solvent consumption, solvent toxicity and volatility, 
etc.), many technical and economic studies highlighted that the two most important criteria in a solvent 
screening are absorption and regeneration efficiencies (see for example the work of [1] and [2]). 
The purpose of our work is therefore to evaluate separately the absorption and the regeneration 
performances of different types of amine(s) based solvents (primary, secondary and tertiary 
alkanolamines, sterically hindered amines, non-cyclical tetramine and cyclical absorption activators) by 
carrying out screening tests using small scale apparatus: a gas-liquid contactor for absorption (at 298 K), 
namely a double-stirred cell, and a regeneration cell. The absorption performances of the solvents were 
evaluated based on absorption efficiencies calculation (analysing CO2 gaseous contents at the inlet and 
outlet of the contactor). Regarding the regeneration tests, by means of regeneration efficiencies 
calculation (measuring liquid CO2 loadings), these tests allow us to deduce desorption rates and 
desorption kinetic constants. 
Concerning the absorption tests, the effect of the CO2 content in the inlet gas (yCO2,in) and the influence 
of amine concentration were studied together with the comparison of absorption performances of different 
types of simples and blended amines solutions. Note that the interest of studying the effect of yCO2,in is the 
fact that the CO2 content of the gas can largely vary according to the industrial application (power plants, 
cement plants, etc.). 
In the case of regeneration tests, the influence of the amine concentration was studied and the 
regeneration performances of the different solvents were compared. 
2. Experimental devices and procedures 
2.1. Amines studied 
The amines experimented (simples and blended) during the absorption and the regeneration tests are 
listed in Tab. 1. The solvent concentration was fixed at 30 wt.% except for amines presenting a solubility 
limit in water (namely PIP and PZ) whose the concentration was fixed at 15 wt.%. 
 
Table 1. Amines studied 
 
Amine name 
CAS 
number 
Amine type Abbreviation 
Monoethanolamine 141-43-5 primary alkanolamine MEA 
Diethanolamine 111-42-2 secondary alkanolamine DEA 
Methylmonoethanolamine 109-83-1 secondary alkanolamine MMEA 
N-methyldiethanolamine 105-59-9 tertiary alkanolamine MDEA 
2-amino-2-methyl-1-propanol 124-68-5 sterically hindered alkanolamine AMP 
2-amino-2-hydroxymethyl-1,3 propanediol 77-86-1 sterically hindered alkanolamine AHPD 
Triethylenetetramine 112-24-3 tetramine TETRA 
Piperidine 110-89-4 cyclical mono-amine PIP 
Piperazine 110-85-0 cyclical di-amine PZ 
2-(1-Piperazinyl)-ethylamine 140-31-8 cyclical poly-amine PZEA 
 
The solvent choice strategy was different for the absorption and the regeneration tests. Concerning the 
absorption tests, the purpose was to evaluate the absorption performances of the different types of simple 
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amine solutions and also of different activated solutions with PZ (5 wt.% and 10 wt.% only for MDEA 
activation because of its very low CO2-amine kinetic parameter), the performances of the other cyclical 
amines as absorption activators (PIP and PZEA) being already evaluated in [3]. The evaluation of the 
absorption performances of more innovative solvents was also performed (MMEA, AHPD and TETRA). 
Regarding the regeneration tests, the regeneration performances of the different types of simple amine 
solutions were also tested. Note that for these tests, except for the solvent presenting a solubility limit in 
water, the concentration was fixed at 30 wt.%, even for the blended solutions for which the concentrations 
were fixed at 15 wt.% amine + 15 wt.% activator. 
2.2. Double-stirred cell  
The absorption tests have been achieved in an experimental equipment which includes a double-stirred 
cell as gas-liquid contactor, a gas supply, and a gas sampling part, illustrated in Fig. 1. The operating 
conditions of the absorption tests are described here below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Experimental apparatus used for the absorption tests including the double stirred cell contactor 
The gas-liquid contactor, namely a glass double-stirred cell (provided by Radleys, model « Reactor 
Ready », 0.15  m in diameter and 0.245 m in tank height) has a gas-liquid interfacial area constant and 
easily calculable (a = 1.06 10-2 m²).  
It includes one gas inlet and one gas outlet, a liquid temperature probe (type Pt100) and an electronic 
pressure probe for the gas phase. The two others lid holes of the reactor are provided for gas and liquid 
stirring bars agitated separately by two stirring motors. The liquid side stirrer is an anchor in PTFE with a 
wingspan of 8 cm and is located at 4 cm from the bottom of the reactor. The gas side stirrer has a helical 
shape whose size is 5 cm and which is located at a height of 24 cm from the bottom of the reactor. 
The reactor is pre-filled with 2.5 10-3 m³ of the solution to be tested. The jacket of the cell is flowed by 
water coming from an external thermostating system (Julabo, model: F33-ME) whose the heating power 
is automatically controlled providing the desired solution temperature within the cell. The absorption 
solution is stirred to ensure proper mixing of the liquid phase but also to maintain a perfectly flat gas-
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liquid interface (without wrinkles). The gas phase (humidified in a gas bubbler) is composed of N2 in 
which CO2 is added to obtain the desired concentration (yCO2,in = 10 - 30 vol. %). 
The total gas flow rate is metered by a rotameter. Sampling of gas at the input and the output of the 
contactor is performed continuously through a cooling unit followed by an IR analyzer (Fuji Electric, 
model: ZRJ-3) giving respectively yCO2,in and yCO2,out and allowing to calculate the CO2 absorption 
efficiency (A) for different scrubbing solutions: 
 
A = (GCO2,in  GCO2,out) / GCO2,in = (yCO2,in  yCO2,out) / (yCO2,in (1 - yCO2,out) )              (1) 
 
where Gin and yCO2,in are respectively the gas flow rate and the CO2 volume fraction in the gas phase at the 
inlet of the contactor, Gout and yCO2,out  being the gas flow rate and the CO2 volume fraction in the gas 
phase at the outlet of the contactor. All experiments reported here were carried out at atmospheric 
pressure and at a temperature equal to 298 K. Hydrodynamic conditions, namely gas flow rate (8.33 10-5 
m³/s) and stirring speeds (35 rpm for the liquid phase and 500 rpm for the gas phase), were kept constant 
in all the experiments, comparing only the use of different amine solvents.  
2.3. Regeneration cell 
The regeneration device is presented on Fig. 2. It is composed of a three-necked flask of 0.25 10-3 m³, 
a thermo-regulated heating system (Ika, model: RCT Basic, maximum heating power of 600 W) with a 
Pt100 temperature sensor immersed in the solution and a magnetic stirring system (maximum stirring 
speed of 1500 rpm) to ensure the homogeneity of the liquid phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Experimental apparatus with the regeneration device 
A condenser (length of 0.35 m) installed at the top of the flask and flowed by cooling water (278 K) 
provided by an external cooling system (Huber, model: Minichiller) aims at condensing the vapor 
products issued from the evaporation of the aqueous CO2-amine(s) solution. 
The total amine(s) concentration of the solvent was set at 30 wt.% except for PZ and PIP (15 wt.%) 
due to a solubility limit into water. 
Before the regeneration test, the carbon content of the unloaded amine solution is measured with a 
TOC analyzer (Shimadzu, model: TOC-VCSH, NDIR detector, calibrated in the range 0-1000 mg C/l 
with a standardized solution of potassium hydrogen phthalate). The pH of the solution was also measured 
with a pH meter (Mettler Toledo, model: FiveGo FG2-Basic, electrode LE438 in polypropylene). Using a 
gas bubbler flowed by a pure CO2 flow rate of 10-2 m³/min fed during 40 min, a volume of 0.3 10-3 m³ of 
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amine(s) solution is gradually loaded with CO2 up to its saturation. This step is followed by nitrogen 
bubbling (with a flow rate of 10-2 m³/min during 20 min) in order to remove the physically dissolved CO2. 
At the end of the saturation step, the loaded amine solution is analyzed using the TOC analyzer to 
determine its CO2 concentration (CCO2 (t=0)) and calculating its CO2 CO2 (t=0)) according to: 
 
CO2 (t=0) = CCO2 (t=0) / Camine               (2) 
 
where Camine is the total amine concentration of the solvent, the CO2 loading of the solvent being 
deduced from the difference between the total carbon contents of loaded and unloaded solutions.   
The solution (volume of 2 10-3 m³) is then transferred in the regeneration cell in which it is stirred 
(stirring speed of 500 rpm) and heated (constant heating power of 600 W) up to its boiling point. The 
duration of the test was fixed at 120 min. 
During the test, samples of the solution are regularly withdrawn and analyzed to determine their pH 
(pH(t)) and their CO2 CO2 regen (t)) of the 
solution, conventionally defined as (see for example [4] and [5]): 
 
regen (t)) = ( CO2 (t=0) - CO2 (t)) / CO2 (t=0) = CO2 / CO2 (t=0)            (3) 
 
This regeneration efficiency has the advantage over the CO2 cycling capacity ( CO2) that it is divided 
by the initial CO2 CO2(t=0)) of a regeneration 
process influences the regeneration performances of a solvent for identical CO2 values. 
In the screening of solvents that require low energy for the regeneration step, although our tests do not 
give direct access to the regeneration energy, the comparison of desorption kinetics deduced for different 
solvents with identical operating conditions can advantageously allow evaluating the regeneration 
potential of the solvents [4]. In addition, even if blended solutions of amines appear to have good 
potential for CO2 capture thanks to the activation mechanism, such regeneration data are still rather 
limited in the case of mixtures of amines. 
3. Experimental results 
3.1. Absorption results 
First of all, the effect of the amine concentration on absorption performances was checked and is 
illustrated on Fig. 3 (a), (b) and (c) respectively for MEA, PZ and MMEA solutions in terms of CO2 
absorption efficiencies and for a CO2 content in the gas varying from 10 to 30 vol.%.  
 
 
 
 
 
 
 
 
Fig. 3. Effect of amine concentration on the absorption efficiency of MEA (a), PZ (b) and MMEA (c) solutions 
From a general point of view, a decreasing absorption efficiency can be observed as the CO2 
concentration in the gas phase is increased, due to an increased amine consumption which slightly 
(a) (b) (c) 
 Lionel Dubois and Diane Thomas /  Energy Procedia  37 ( 2013 )  1648 – 1657 1653
reduces the absorption-reaction process. Concerning the amine concentration effect, higher absorption 
efficiencies are logically obtained with more concentrated solutions, the absorption flux being directly 
proportional to the amine concentration (as already illustrated in our previous work [3]). The absorption 
results obtained with single (a) and blended (b) amine(s) solutions are compared in Fig. 4 (a) and (b). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Absorption efficiencies comparison of simples (a) and blended (b) amines solutions 
Large differences between absorption efficiencies relative to the different types of amine(s) solutions 
are observed. Three groups of solvents performances can be analyzed :  in the first one (AHPD 30 wt.% 
and MDEA 30 wt.%) very low absorption efficiencies (A < 2.5 %) were measured, in the second group 
(TETRA 30 wt.%, DEA 30 wt.% and AMP 30 wt.%) intermediary results were obtained (6 % < A < 
16%) and finally the best results (A > 18%) belong to the third group (PZ 15%, MMEA 30 wt.% and 
MEA 30 wt.%). These observations can be essentially related to the kinetic characteristics due to quite 
similar physicochemical properties (density, viscosity, CO2 solubility, and diffusivity) of the CO2-amine 
systems tested, as illustrated in our previous works [7-8].  
 
Table 2. Absorption efficiencies for yCO2,in = 15% and CO2-amine second order kinetic constant values (at 298 K) 
 
 
 
 
 
 
From Table 2 presenting absorption rates at yCO2,in=15% and CO2-amine kinetic constant values 
experimentally determined in our previous study [3] (except for DEA from [6]) it can be evidenced that 
the very low kinetic constant value for CO2-MDEA system and the quite low value for CO2-AMP system 
lead to lower absorption efficiencies and, at the opposite, that higher kinetic constant values for MEA, 
DEA and PZ involve clearly better absorption performances. Therefore, given this close relationship 
between absorption efficiencies and CO2-amine kinetic constants, a simulation model specific to batch 
experiments achieved in the double-stirred absorption cell is being developed to allow the calculation of 
such parameters using the absorption results measured in our device. This modeling will be presented in a 
forthcoming communication. 
Amine Concentration  (wt.%) 
A (%) 
for yCO2,in = 15% 
k2 
(m³/kmol.s) 
PZ 
MEA 
15 
30 
20.85 
19.20 
70162.00 
8653.00 
DEA 30 7.23 3240.00 
AMP 
MDEA 
30 
30 
5.09 
0.77 
700.00 
8.34 
(a) (b) 
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For CO2 absorption into aqueous blended amines solutions, and especially when a cyclical amine (PZ 
5 wt.% except for MDEA with 10 wt.% PZ) is added to the different aqueous solutions, Fig. 4 (b) 
illustrates that the CO2 absorption efficiency can be substantially improved thanks to the activation 
phenomenon but this effect is less important when yCO2,in is higher.  
A particularly significant increase in the absorption efficiency was observed in the case of the 
innovative blend composed of MMEA 30 wt.% and PZ 5 wt.%. Given these results, activated solutions of 
MMEA 30 wt.% will be envisaged in our future absorption-regeneration tests. 
3.2. Regeneration results 
The regeneration temperature (Tregen) and pH temporal profiles recorded during the regeneration tests 
achieved with the simple and blended solvents are presented on Fig. 5 (a) and 5 (b). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Regeneration temperature temporal profiles of the simple amine based solvents (a) and pH temporal profiles of the blended 
amines based solvents (b) 
For all the solvents tested, the solution temperature increases during approximately the first 20 minutes 
and then stabilizes at the boiling point which is close to 375 K for all the solvents except for piperidine 
(PIP 15 wt.%) (Tregen = 369 K).  
Concerning the CO2 loading temporal profiles during regeneration of the simple and cyclical amine 
based solvents represented on Fig. 6 (a), the clearly higher initial CO2 loading ( CO2 (t=0)) of MDEA 30 
wt.% and PZEA 30 wt.% (more than 1.5 mol CO2/mol amine) compared to MEA 15 and 30 wt.% and PZ 
15 wt.% (lower than 1 mol CO2/mol amine)) can be noted. AMP 30 wt.% and DEA 30 wt.% present 
intermediate values for this parameter.  
With these CO2 loadings temporal evolutions, the differences of regeneration behaviors of the solvents 
can also be studied: at the end of the test, MDEA 30 wt.% is almost fully regenerated while other solvents 
and especially PZEA 30 wt.% still contain a significant CO2 loading. This observation was confirmed 
with pH measurements. Indeed, the final pH value for MDEA 30 wt.% solution (11.21) was very close to 
the pH value of unloaded MDEA 30 wt.% (11.31) indicating an almost complete regeneration of the 
solution. On the contrary, the final pH of PZEA 30 wt.% solution (10.98) was still clearly different from 
the pH value of unloaded PZEA 30 wt.% (12.58) due to substantial CO2 quantities remaining in solution. 
This observation was checked for all the solvents. The different regeneration behaviors of the solvents are 
finally illustrated on Fig. 6 (b) with the regeneration efficiency temporal profiles. The almost complete 
regeneration of the tertiary amine MDEA 30 wt.% ( regen(t=7200 s)  100 %) and the lower 
regeneration efficiency of PZEA 30 wt.% ( regen(t=7200 s) = 50 %) are confirmed.  
 
 
(a) (b) 
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Fig. 6. CO2 loading (a) and regeneration efficiency (b) temporal profiles of the simple amine based solvents 
The better regeneration of PZ 15 wt.% and AMP 30 wt.% ( regen(t=7200 s) > 85 %) compared to 
regen(t=7200 s) < 75 %) can also be noticed. The effect of amine 
concentration is also illustrated for MEA with a better regeneration efficiency for MEA 15 wt.% than for 
MEA 30 wt.%. 
Regarding the regeneration results relative to the blended amines solutions on Fig. 7 (a), the highest 
initial CO2 loading CO2 (t=0)) are obtained with AMP 15 wt.% solutions blended with 15 wt.% PZ or 15 
wt.% PIP, and the lowest with MDEA 30 wt.% + PIP 15 wt.% solution. Note that as in the case of simple 
amine solutions, the pH temporal profiles (see Fig. 5 (b)) were consistent with the CO2 loading profiles, 
the final pH of the solutions being closer to the pH value of the unloaded solution, the CO2 quantities in 
solution remaining low. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. CO2 loading (a) and regeneration efficiency (b) temporal profiles of the blended amines based solvents 
Finally in terms of regeneration efficiencies (see Fig. 7 (b)), the blends present lower final regeneration 
efficiencies than non-activated solutions. Comparing the two activators (PZ and PIP), it seems that the 
activator PIP leads to lower regeneration efficiencies than the activator PZ. 
regen(t=7200 s) is rather an indicator regen for a 
shorter time (typically 1200 s) kinetics
that in the industrial CO2 capture process the solvents are never completely regenerated according to an 
energetically optimum [9], the kinetic aspect needs to be taken into account in the definition of a 
parameter characterizing the regeneration. As already developed by other authors such as [10], the 
desorption rate (rdes) of each solvent is defined as in the initial slope of the CO2 concentration temporal 
profile: 
(a) 
(b) 
(a) (b) 
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rdes = dCCO2 / dt (t=0)                 (4) 
 
By dividing the desorption rate by the initial CO2 concentration (CCO2 (t=0)) the desorption kinetic 
constant (kdes) is obtained: 
 
kdes = rdes / CCO2 (t=0)                 (5) 
As assumed by [10], the evaluation of kdes defined at t=0 gives an indication of energy efficiency of 
the solvent that might result in a decrease in energy cost in the CO2 absorption process for solvents 
presenting high kdes values. Actually the regeneration behavior of the solution at the beginning of the 
experiment is rather representative of the applied industrial conditions where rich solutions (with a quite 
important CO2 loading) are regenerated. Concerning regeneration energy values, see for example the 
work of [11] where regeneration energies of MEA, DEA, MDEA and different blends of these amines are 
communicated, the regeneration energy varying in most cases between 1.5 and 4 GJ/tCO2, depending on 
CO2 loading conditions. 
The desorption rate and the desorption kinetic constant of all the amine(s) based solvents tested during 
our regeneration tests are listed in Tab. 3.  
As it can be seen in Tab.3, a tertiary amine such as MDEA 30 wt.%, which is known for requiring a 
low regeneration energy, present the highest kdes (1.36 10-3 s-1) compared to all the solvents tested. 
Comparing the other amine solutions, DEA 30 wt.%, PZ 15 wt.%, PIP 15 wt.% and AMP 30 wt.% (with 
kdes between 3.16 10-4 s-1 and 2.23 10-4 s-1) have a higher kdes than MEA 15 wt.% and 30 wt.% (kdes equal 
respectively to 1.35 10-4 s-1 and 7.69 10-5 s-1) and PZEA 30 wt.% (kdes equal to 9.32 10-5 s-1) which would 
indicate a lower regeneration energy requirement. The positive effect on energy consumption of lowering 
the amine concentration is confirmed for MEA. 
 
Table 3. Desorption rate (rdes) and desorption kinetic parameter (kdes) of all the amine(s) based solvents (simples and blended) tested 
during the regeneration tests 
 
Simple solvents rdes (kmol m-3 s-1) kdes (s-1) Blended solvents rdes (kmol m-3 s-1) kdes (s-1) 
MDEA 30% 5.04 10-3 1.36 10-3 MDEA 15% + PZ 15% 6.13 10-4 2.27 10-4 
DEA 30% 8.48 10-4 3.16 10-4 AMP 15% + PZ 15% 6.93 10-4 2.19 10-4 
PZ 15% 4.47 10-4 2.97 10-4 AMP 15% + PIP 15% 7.26 10-4 2.07 10-4 
PIP 15% 5.16 10-4 2.92 10-4 MDEA 15% + PIP 15% 5.60 10-4 1.99 10-4 
AMP 30% 5.81 10-4 2.23 10-4    
MEA 15% 5.01 10-4 1.35 10-4    
PZEA 30% 3.18 10-4 9.32 10-5    
MEA 30%  1.92 10-4 7.69 10-5    
 
Regarding the blends of amines, the lower kdes value than with non-activated solutions confirm their 
lower regeneration performances, with kdes values very close to each other for all the blends but slightly 
higher with PZ 15 wt.% than with PIP 15 wt.%. 
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4. Conclusions and perspectives 
The purpose of our work was to evaluate separately the absorption and regeneration performances of 
different types of amine(s) based solvents (primary, secondary and tertiary alkanolamines, sterically 
hindered amines, non-cyclical tetramine and cyclical absorption activators) by carrying out screening tests 
on small scale apparatus: gas-liquid contactor for absorption (namely a double stirred cell), and a 
regeneration cell. By means of absorption efficiencies comparison and desorption kinetic constants 
comparison (obtained from regeneration efficiencies calculations), these tests allowed us to evaluate the 
absorption and regeneration potentials of different solvents. 
Globally, the combined analysis of the absorption and the regeneration results confirms that the 
performances of the different types of solvents are often antagonistic: tertiary and sterically hindered 
amines (respectively MDEA 30 wt.% and AMP 30 wt.%) which are known for requiring a low 
regeneration energy in comparison with the primary and secondary amines (respectively MEA 30 wt.% 
and DEA 30 wt.%), present very poor absorption performances in relation with a very low CO2-amine 
kinetic constant. At the opposite, despite their worse regeneration performances in comparison with 
MDEA 30 wt.%, the primary and cyclical amines (respectively MEA 30 wt.% and PZ 15 wt.%) present 
clearly higher absorption efficiencies. 
In the case of amines blends, the positive effect of an activator, and especially the cyclical di-amine PZ 
5 wt.%, on the absorption performances of the different simple amine solutions, was demonstrated. The 
activation of MMEA 30% leads to clearly higher absorption efficiencies and this type of blends should be 
envisaged for future tests. Concerning the regeneration tests of the amines blends, higher regeneration 
performances was observed with PZ activated solutions than with PIP activated solutions. 
In the continuation of the preliminary absorption and regeneration tests already achieved, this study 
aims at screening new blends of amines based solvents with absorption and regeneration tests on small 
scale apparatus. In parallel, these solutions will be experimented in a new laboratory absorption-
regeneration micro-pilot designed as a classical industrial process but allowing achieving more tests and 
with a higher flexibility than with an industrial pilot. The first results obtained with this pilot are 
presented in another Energy Procedia communication presented at GHGT-11 congress. 
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